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The Ni–Al alloys which exhibit the thermoelastic phase transformations in the composition range from 60 to 65 atomic
percentage of Ni are widely used in the high technology applications. In this study, thermoelastic phase transformations of
Ni–37.5 at.% Al alloys at 0, 1 and 2 GPa pressures were investigated by using MD simulation. Physical interactions among
atoms in the alloy system were modelled using Sutton–Chen version of the embedded atom method based on many-body
interactions. The potential parameters for cross interactions between Ni and Al atoms were estimated by optimising the
results obtained from the molecular dynamics simulations. Moreover, the eﬀect of applied pressure on transformation tem-
peratures, enthalpy, entropy and elastic energy of model alloy system were investigated. The obtained result showed that
the transformation temperature increased with applied pressure while enthalpy, entropy and elastic energy decreased. The
values of the thermodynamical parameters that obtained in this study are in very good agreement with results of experi-
mental studies.
 2008 Elsevier Ltd. All rights reserved.
Keywords: Thermoelastic phase transformation; Embedded atom method; Molecular dynamics simulation; Elastic energy; Enthalpy; Ni–
Al alloy1. Introduction
It is important to understand the behaviour of the advanced material under the diﬀerent thermodynamic
and mechanical conditions. Martensitic phase transformations which occur thermoelastically in the most of
the materials, such as Ni–Al, Cu–Ni and Ni–Ti alloys, are ﬁrst-order solid–solid phase transformations and
take place with collective motion of atoms (Kart et al., 2005; Wang et al., 2005). These alloys were studied
as a function of temperature and pressure to learn more about their martensitic transformation behaviour.
High pressure work on the shape memory alloys (SMAs) is very sparse. Till now, only a small number of0020-7683/$ - see front matter  2008 Elsevier Ltd. All rights reserved.
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(Daroczi et al., 2000; Kakeshita et al., 1992; Johari et al., 1996; Gefen et al., 1973). The role of high pressure in
inﬂuencing phase transitions and in unraveling transition mechanism is very well known (James and Schilling,
1998; Zengin and Yakuphanoglu, 2003; Tatar and Yakuphanoglu, 2005). These transformations can progress
with changing the temperature and/or externally applied stress (Kazanc et al., 2003). The thermoelastic mar-
tensitic transformation, which starts the martensite start temperature (Ms), in which the temperature of alloy
obtaining high temperature and austenite phase is suddenly felled and than this process continue to transfor-
mation ﬁnish temperature (Mf). After the transformation is completed, the fact that the result of increasing the
temperature of martensite phases again, the reverse transformation starts at start temperature of austenite
phase (As) and complete to ﬁnish temperature of austenite phase (Af) (Nishiyama, 1978). In the transforma-
tion a small temperature hysteresis for the transition temperatures already is shown (Entel et al., 2000). The
temperature hysteresis in these transformations proceeds from absorption of the internal energy in three mech-
anisms. First, the energy corresponding to hysteresis can be interpreted in terms of dissipated energy due to
internal friction; second, in terms of stored energy associated with inter- and intra-granular deformations
incompatibilities; and third, as heat transfers with the surrounding induced by temperature variation due to
the latent heat of phase change (Chrysochoos et al., 1996; Ozgen and Adiguzel, 2004).
At Ni-rich side of the Ni–Al phase diagram, several ordered phase are known to be exist. The ordered B2
structure of CsCl type prototype is stable at high temperatures over a wide composition range of 40–68
at.%Ni. The B2 phase undergoes a martensitic transformation up on quenching to the tetragonal L10 ordered
structure above 63 at.% Ni (Comstock et al., 1996). In fact, the applied stress on the austenite phase increases
the ratio of transformed martensite body at the suitable temperature region (Lu and Weng, 1998). Although
many experimental studies have been reported, theoretical study on the mechanism of these transformations in
atomic scale is very limited and diﬃcult because of the anharmonic eﬀects. However, Molecular Dynamics
(MD) simulations allow us to study the structural changes during the transformation from austenite to mar-
tensite phase, or reverse transition.
Molecular dynamics method computes the phase space trajectory of each atom in an array, so the evolution
of the model system from an initial state to a ﬁnal state at desired temperature and/or pressure can be deter-
mined (Shao et al., 1996). The choice of the potential energy functions and the determination of its parameters
are main factor on validity of the results from MD simulations. Daw and Baskes have proposed an alternative
method, called Embedded Atom Method (EAM), based on many-body idea to the pair potential approach.
However, due to the simplicity of their potential functions, the versions of the EAM proposed by Voter–Chen
(Voter and Chen, 1987), Finnis–Sinclair (Finnis and Sinclair, 1984) and Sutton–Chen (Sutton and Chen, 1990)
are widely used in the investigations of metallic systems and its alloys. On the other hand, the determination of
the potential parameters, especially for the cross potential functions in alloy system, is still a problem,
although diﬀerent approximations have been used to estimate their values (C¸ag˘ın et al., 1999; Johnson, 1989).
In this study, the Sutton–Chen version of the EAM (SCEAM) was used to model the physical interactions
among the atoms of Ni–37.5 at.% Al alloy. The parameters of the potential energy functions for the model
system was taken as given in literature for monatomic interactions, but the parameters for the cross interac-
tions between Ni and Al atoms was calculated from the mixing rule of Lorentz-Berthelet. However, it has been
for the calculated parameters seen that the model alloy system was not stable at B2 type super-cell structure in
MD simulation at high temperatures. So, another way to determine the cross interactions parameters is nec-
essary. The model alloy system was provided to be stable at B2 type structure by using obtained optimised
potential parameters. Later on, using this stable the model alloy system at diﬀerent pressure martensitic phase
transformation and transformation temperature, enthalpy, entropy and elastic energy changes were
investigated.
2. The simulation procedure
The MD method which allows the system to vary in shape and size, proposed by Parrinello and Rahman
(1980), was used for the investigation of the thermal induced martensitic phase transformations under diﬀerent
pressure values in Ni–37.5 at.% Al alloy which was selected as the model alloy system. In the MD methodol-
ogy considering the variation of MD cell in shape and size, the lengths of the MD cell axis are described with
3284 S. Kazanc, C. Tatar / International Journal of Solids and Structures 45 (2008) 3282–3289three vectors A(t), B(t) and C(t) as a function of time. More detailed expositions of MD methodology can be
found in the literatures (Kazanc et al., 2003; Haile, 1992; Heermann, 1986).
In our study, the simulations were performed on three dimensional arrays of 10  10  10 unit cells (2000
atoms). The ideal B2 superlattice structure of Ni–37.5 at.% Al model alloy was chosen as the starting conﬁg-
urations for the MD simulations. The initial velocities were derived from random number generator so as to
conﬁrm a Maxwell-Boltzmann distribution at a initially given temperature. In MD cell, 1000 Ni and 750 Al
atoms were located the corners and centers of the unit super-cells, respectively, and the extra 250 Ni occupying
atoms were randomly assigned on the Al sublattice sites. To avoid the eﬀects of free surfaces in the simulated
array, periodic boundary conditions were acted on three directions of MD cell. The potential functions were
truncated at a cut-oﬀ distance of 2.5 times of equilibrium lattice constant of the model alloy system. The tem-
perature of the model alloy system was controlled by rescaling the atomic velocities at every two integration
steps. The equation of motion is numerically solved by using the Gears’ ﬁve order predictor–corrector algo-
rithm with integration step size of 5.5 fs.
In a binary alloy of type-a and type-b atoms, the total energy of a crystal with N atoms in the SCEAM
methodology is given byTable
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Eqs. (2) and (3) for the cross interactions, we could not observe the stable model system with B2 type super-
cell. Therefore, the potential parameter eNiAl only was optimised by means of MD simulations. In order to
make stable of the model alloy system at high temperature phase, cross potential parameter eNiAl is obtained
using bisection method. Hence, the best estimated value of the cross parameter eNiAl is 0.0201 eV.
The structural analysis was done by using the atomic positions, besides the radial distribution functions g(r)
(RDF), and the mean square displacements hR2i (MSD) calculated, respectively, as:gðrÞ ¼ V
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To investigate the thermally induced solid–solid phase transformations in the Ni–37.5 at.% Al alloy, the
equilibrated model system at the structure of B2 type super-cell at 700 K and 0 GPa pressure was cooled to
350 K at intervals of 50 K. The MD simulations at each intervals run for 20,000 integration steps. The same
processes are repeated for 1 and 2 GPa pressures and the obtained data for 0 and 2 GPa is shown in Fig. 1. As
seen from Fig. 1, when the model alloy system temperature for 0 GPa and 2 GPa are decreased to 400 K and
500 K, respectively, the changes in some quantities such as the cohesive energy (E), MSD (hR2i) and geometry
factor (A + B/2C) are observed at those temperature. The deviation in the MSD for 0 GPa and 2 GPa pressure
values during the transformation from b-phase to product phase was calculated as 0.05 A˚2 and 0.105 A˚2,
respectively (Fig. 1(c)–(g)). Since the deviation in the MSD is smaller than the distance between atoms, it
can be said that the transformation exhibits a diﬀusionless behaviour which is a typical character observed
experimentally for thermoelastic phase transformations (Nishiyama, 1978; Delaey et al., 1974). Before the
transformation for each pressure, the geometry factor equals to 1.00 which expresses the cubic structure of
the MD cell, but after the transformation; there is a little diﬀerence on the geometry factor, which indicates
the MD simulation box undergoes a distortion (Fig. 1(d)–(h)). Afterwards, in order to observe the reverse
transformation the temperature of the system has been raised to 700 K with the interval which is used in cool-
ing process. When the temperature reaches at 550 K and 650 K for 0 GPa and 2 GPa, respectively, the changes
in the structural quantities is observed again. At those temperatures the model alloy system transformed from
the martensite phase where it was unstable to the austenite phase.
The hysteresis in the cohesive energy of the model alloy system for 2 GPa is seen in Fig. 2. The start and
ﬁnish temperatures of the austenite and martensite phase transformations were obtained from this curve.
However, it has been observed that the transformation temperatures have increased depending on increasing
applied pressure the alloy system as is seen in Fig. 3(a) and (b) (experimental). The values of the Ms, Mf and
enthalpy used in Eq. (6) and the entropy values of the model system were calculated and given in Table 2.Fig. 1.
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Fig. 2. Hysteresis curve in cohesive energy obtained from cooling and heating cycle for 2 GPa.
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Fig. 3. (a) The applied pressure dependence of the transformation temperatures (MD simulation). (b) The variation of the transformation
temperature with pressure (experimental) (Zengin and Ceylan, 2004).
Table 2
Eﬀect of pressure on the thermodynamic parameters of the model alloy system
P (GPa) Ms (K) Mf (K) As (K) Af (K) DH
M?P (eV) DSM?P (eV/K) Ge (eV)
0 450 400 500 550 386.7521 0.7735 38.675
1 500 450 550 600 378.0043 0.6872 34.360
2 550 500 600 650 369.3357 0.6155 30.775
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DSM?P values decrease with applied pressure for the model alloy system. The elastic energy values of the mod-
el system were calculated by using Eq. (7) (Tatar, 2006; Huo and Zu, 1998).Ge ¼ DGM!PðM sÞ  DGM!PðM fÞ ¼ ðM s M fÞDSM!P ð7Þ
The elastic energy values of the model alloy system were calculated and are given in Fig. 4(a) and (b) (exper-
imental). The transformation temperatures, enthalpy, entropy and elastic energy of the model alloy system
were changed with applied pressure. The transformation temperatures, enthalpy, entropy and elastic energy
values for 0, 1 and 2 GPa are seen in Table 2. However, as seen in Fig. 5(a) and (b) (experimental), the en-
thalpy decreases linearly with applied pressure. The obtained results showed that the transformation temper-
ature increased with pressure while enthalpy, entropy and elastic energy decreased. When we compared the
present theoretic results with the experimental results previously done for diﬀerent alloys which show the same
transformation property, it was seen that the results of theoretic studies were in very good agreement to each
other (Tatar and Yakuphanoglu, 2005; Zengin and Ceylan, 2004; Tatar, 2006).
The RDF curves obtained at every temperature set during cooling and heating cycle between 700 and 350 K
for 0 and 2 GPa are shown in Fig. 6. The model alloy has a B2 super-cell (with bcc unit cell) in the austenite
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which is estimated as 2.53 A˚ at 700 K for 0 GPa in our study. The location of the second peak which corre-
sponds to the model alloy system lattice parameter was found to be at 2.887 A˚. This result is in good agree-
ment with experimental result of 2.88 A˚ (Miracle, 1993). As seen from Fig. 6, when the temperature decreases
to 400 K and 500 K, for 0 GPa and 2 GPa, respectively, the model system transforms to the martensite
3288 S. Kazanc, C. Tatar / International Journal of Solids and Structures 45 (2008) 3282–3289structure. Reverse transformation from martensite to austenite at 550 and 650 K have also been observed in
heating process as shown in Fig. 6(a) and (b).
4. Conclusion
The thermoelastic phase transformation for diﬀerent pressure values in Ni–37.5 at.% Al model alloy system
has been study by using the anisotropic MD computer simulations. To model the alloy system the Sutton–
Chen version of the EAM has been used with the original parameters, given in literature, for the monatomic
interactions in the alloy. However, it has been for the calculated parameters seen that the model alloy system
was not stable at B2 type super-cell structure in MD simulation at high temperatures. Therefore, the potential
parameter only was optimised by means of MD simulations and estimated as 0.0201 eV. In addition, the eﬀect
of applied pressure on transformation temperatures, enthalpy, entropy and elastic energy of model alloy sys-
tem were investigated. By using diﬀerent pressure values for the model alloy system, it was observed that the
transformation temperature, enthalpy, entropy values were changed. The results showed that the transforma-
tion temperature increased with pressure while enthalpy, entropy and elastic energy decreased. Enthalpy and
entropy values of the model system were decreased with applied pressure. Therefore, the increase in applied
pressure contributes the fact that fast transformation in model system consist of less energy. Increasing pres-
sure decreases volume of alloy system in turn. In this case, ordering degree of the model system is increased.
This situation indicate that enthalpy of the model system is decreased. It is seen that the pressure has an
important eﬀect on the transformation energy. In addition, it is found that the elastic energy has been
decreased about 21% with applied pressure. In our previous studies and the other experimental studies which
made by scientist with diﬀerent alloys indicating the same transformation behaviour, the eﬀect of pressure on
transformation temperatures, enthalpy, entropy and elastic energy have been investigated. When the obtained
results are compared with literature results, it has been observed that the eﬀect of pressure on transformation
temperatures, enthalpy, entropy and elastic energy indicates the similar trend. In made studies with Cu–13Al–
4Ni, NiTi, Fe–32Mn–6Si–3Cr alloys the transformation temperatures increase with applied pressure, but
enthalpy, entropy and elastic energy values decrease with applied pressure (Zengin and Yakuphanoglu,
2003; Tatar, 2006; Zengin and Ceylan, 2004). These results of experimental studies are in agreement with
obtained theoretic results by us.
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